Assisted migration (AM) is often presented as
as a means to rescue species threatened by climate change ( henceforth, species rescue AM). We examine how these different types of AM vary with respect to intended outcomes, target species, movement logistics, potential risks, science-based feasibility, scope, cost, and practice (table 1) . Although a wide variety of AM forms may be distinguished along the spectrum of movement distances, target species, and intended outcomes (Aubin et al. 2011) , the forms examined here represent two separate conceptions that have not been clearly teased apart in the literature. We believe that by making this distinction and, more generally, by encouraging a more nuanced view of AM, the debate around this topic may be advanced.
Intended outcomes and target species
As the name implies, species rescue AM is aimed at conserving species in the face of rapid climate change. Several life-history characteristics have been proposed as indicators of suitability for this type of AM, including the degree of rarity, the species' niche width, the degree of habitat specialization, and migration or colonization potential (Keel 2007 , Vitt et al. 2010 . These characteristics could be used in combination with results from species distribution models (e.g., McKenney et al. 2011) to further prioritize species with respect to potential climate change impacts (Vitt et al. 2010) . Furthermore, several studies have presented frameworks to assist in deciding whether AM is a suitable approach for a given species and location (e.g., Hoegh-Guldberg et al. 2008 , Richardson DM et al. 2009 ).
In contrast, forestry AM aims to ensure that plantations of widespread (often commercially valuable) tree species A ssisted migration (AM) has been proposed as an approach to mitigate climate change impacts on biodiversity by intentionally moving species to climatically suitable locations outside their natural range (McLachlan et al. 2007 , HoeghGuldberg et al. 2008 , Richardson DM et al. 2009 ). Controversy has arisen around this concept, which breaks with traditional conservation paradigms (Minteer and Collins 2010, Aubin et al. 2011) . Proponents of AM have suggested the need to undertake bold efforts to conserve species in the face of unprecedented global change (Minteer and Collins 2010, Vitt et al. 2010) , whereas opponents cite a myriad of environmental calamities that have resulted from human-mediated species movements (Ricciardi and Simberloff 2009) .
In the context of commercial forestry operations, AM has been proposed as a means to maintain forest productivity, health, and ecosystem services under rapid climate change (Gray et al. 2011 , Kreyling et al. 2011 . This is an important issue for North America, where there are both globally significant amounts of forest cover and large-scale forestry operations; across the United States and Canada combined, an area of nearly 500 million hectares (ha) has been classified as managed timberland, and roughly 5 million ha are harvested annually (Smith et al. 2009 , Natural Resources Canada 2010 . Given that the suitable habitats of many North American tree species are projected to shift hundreds of kilometers northward by century's end (Iverson et al. 2008 , AM represents a potential tool for adapting future forests to climate change.
Here, we distinguish forestry-related AM (henceforth, forestry AM) from the more standard conception of AM Forum are established using seed sources that will be climatically adapted for the duration of the rotation (i.e., the plantation's planned lifespan; Gray et al. 2011) . Maintaining climatic adaptation has been proposed as a means to preserve forest productivity (O'Neill and Nigh 2011), which may also contribute to certain aspects of forest health and the continued flow of ecosystem services provided by forests, such as wildlife habitat, erosion prevention, and carbon sequestration. Furthermore, forest managers are increasingly aware of the potential for forestry AM to assist in maintaining diversity by incorporating tree species that may be less commercially valuable but that have recognized ecological or social values (Spies et al. 2010) . In fact, forestry AM could be viewed as an example of the larger concept of ecosystem services AM, in which species are moved with the primary goal of maintaining a flow of ecosystem benefits (Seddon 2010) . For example, wetland plant species might be planted in new regions for erosion control or wildlife habitat purposes. We focus here on forestry AM but acknowledge its close relationship to other forms of AM.
Given that forestry AM has the potential to help meet several climate change adaptation goals, stakeholders may be prone to view it as a cure-all for climate changeaffected forests. Taken to the extreme, such thinking could lead to the notion that expanded harvesting operations, followed by AM-based reforestation, are needed in order to make future forests climateproof. Although it is perhaps obvious, we feel that it is important to remind readers that forestry AM creates plantations, which have been shown to differ substantially from naturally regenerated forests-particularly with respect to biodiversity conservation (e.g., Bremer and Farley 2010) . Therefore, forestry AM is probably best viewed as one option in a forest climate change adaptation strategy in which a number of approaches are employed in order to address various adaptation objectives.
Movements in relation to geographic range limits Seddon (2010) identified a spectrum of movements that may be used in species conservation initiatives. At one end of the spectrum are movements of populations within current or historic distribution limits; at the other end are movements of suites of species, potentially over considerable distances, to create futuristic "designer" ecosystems (Seddon 2010, p. 800) . To date, AM proposals and initiatives aimed at species rescue have generally fallen between these extremes, with a focus on intracontinental, single-species movements (e.g., Keel 2007) . Since target species typically have small geographic ranges and narrow ecological niches, movements within their current range limits offer little prospect for addressing substantial changes in climate.
Given the broad distribution of most commercial tree species and the relatively short distances proposed for tree seed migration, the majority of forestry AM movements would occur within current range limits (O'Neill et al. 2008 , Gray et al. 2011 ; see also figure 1). Perhaps revealing of the ambiguity around forestry AM, these within-range movements do not actually qualify as AM under the commonly used definition (see Seddon [2010] and the opening sentence of the present article) but are often loosely included in AM dialogue (see the examples in Hoegh-Guldberg and colleagues [2008] and Richardson DM and colleagues [2009] ). Seddon (2010) applied the term re-enforcement (or augmentation) to the situation in which individuals are moved within current distribution limits to build up existing populations, and the term reintroduction was used to denote the movement of individuals into historically (but not currently) occupied areas. Although they are useful in the conservation Given the focus of forestry AM on within-range movements of widespread species, it is important to consider the potential for such movements to meet the objective of mitigating climate change impacts on forest growth. Table 2 shows the range in annual mean temperature and total precipitation at recorded occurrence locations across North America for 18 commercial tree species (the data are available at http://planthardiness.gc.ca). These ranges in temperature and precipitation (which average 18 degrees Celsius [°C] and 1960 millimeters, respectively, for the species shown) are vastly larger than the climate migration distances being advocated in forestry AM (i.e., 1.6°C-2.2°C mean annual temperature and 40-120 millimeters mean annual precipitation; O'Neill et al. 2008) , which suggests that there may be considerable potential for APM to maintain productive tree growth in the face of projected climate change.
Although much can be accomplished with within-range movements, populations near the northern or upslope range limit would logically be transferred to locations outside their current range limits in order to track shifting climate envelopes. Ste-Marie and colleagues (2011) used the term 
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assisted range expansion to describe these movements, which are intended to facilitate or mimic natural range expansion. To date, the migration distances used in forestry AM have been relatively short. For example, provincial standards that limit upward movement of tree seed to 200-400 meters (m; depending on the species) in British Columbia, Canada, were amended recently to extend the upward limit by up to 200 m (O'Neill et al. 2008) . Conservative migration distances such as this will result in only marginal shifts in species' ranges and limited reliance on assisted range expansion relative to APM. Although there is no guarantee that forestry AM practitioners will maintain their current focus on shortdistance movements, we note that drastic movements would not be likely to succeed in meeting objectives to maintain forest productivity.
The potential risks of forestry AM Discussions about the risks associated with AM have been implicitly focused on the species rescue form. These risks, detailed elsewhere, include the invasive spread of the target species at the recipient location, genetic hybridization between the target species and closely related species at the recipient location, the inadvertent introduction of pathogens to populations at the recipient location, and added stress on the donor population by overcollection of regenerative material (Aubin et al. 2011 , Winder et al. 2011 .
For forestry-related movements within current species range limits (i.e., APM), many of these risks do not apply.
For example, APM has (by definition) no potential to create an exotic invasive species, since it involves movements within the current range of a species. Similarly, the potential for APM to create new interspecific hybridization opportunities is negligible; withinrange movements would not bring into contact any species that are not already hybridizing. APM does have some potential for introducing pests to the recipient location; however, the risks involved are essentially the same as those associated with current forestry practices-under which hundreds of millions of seedlings are deployed annually from nurseries (where pests might be acquired) to planting sites. Phytosanitary practices are in place at nurseries, but there is always a small risk of disease transmission. This risk is unlikely to change under the modest shifts in seed deployment associated with APM.
For forestry AM that involves movements outside current range limits, the standard AM risks (outlined above) would apply. However, the range extensions currently being proposed (or implemented) for forestry AM are over short distances and often fall within a species' historic range (e.g., O'Neill et al. 2008 ). Migrations of this type are likely to present less risk than longer-distance movements associated with some species rescue scenarios. Mueller and Hellmann (2008) examined the continental origin of 468 invasive species in the United States and reported that there were far fewer invasions of intracontinental (14%) than intercontinental (86%) origin, despite a (presumably) much higher frequency of intracontinental movements. Furthermore, of the five taxonomic groups under study, plants had the lowest proportion (7.5%) of intracontinental invaders. These findings generally support the notion that the short-distance, intracontinental movement of trees, which is characteristic of current forestry AM, carries a relatively low level of invasion risk.
We perceive several other potential concerns that warrant mention. First, within-range movements that introduce populations with a competitive advantage over local populations could conceivably create an invasive population, which would have negative effects on species and genetic diversity similar to the exotic-species-introduction situation. Although this situation is theoretically possible, we note several caveats that temper this risk. Many aggressively invasive species have been released from the effects of naturally limiting predators and competitors-a situation that would not be likely to result from typical forestry AM movements. With respect to genetic diversity, local shifts Obtaining seeds or planting stock is integral to any AM effort; for forestry AM, a seed procurement system is often already in place. In North America, seed collections for most major commercial species are carried out on a regular basis from a variety of locations within seed collection areas or zones; seed for these species is readily stored for long durations, therefore ensuring a reliable source of germplasm. Furthermore, many regions have tree-breeding programs, in which intensively managed seed orchards are used to produce high-quality seed from select genotypes for reforestation. Much of this system would continue essentially unchanged under AM-with the exception that seed transfer limits would move slightly northward or upslope (e.g., O'Neill et al. 2008) . Forestry AM also benefits from the accumulated knowledge around plantation establishment that silviculturalists have developed over decades of reforestation activities.
Although certain high-profile species of conservation concern are well studied and may even have established breeding programs, this is not typical in the species rescue context (Kramer and Havens 2009) . Such species often have well-studied autecology, which would help to define suitable planting sites; however, since they often occupy highly specialized niches, finding suitable planting sites may be challenging (Kreyling et al. 2011 ). Furthermore, a knowledge base of best practices for establishment is often lacking, since traditional conservation efforts have been (appropriately) focused on conserving these species in situ.
Species of conservation concern do not typically have established seed procurement, seed storage, and seedling initiation systems. In fact, for very rare species, obtaining an adequate sample of regenerative material may be challenging because of small population sizes, low levels of genetic diversity, and concerns regarding overcollection (Kreyling et al. 2011) . Notably, 14% of native Canadian tree species produce seed that cannot be stored for more than one winter in allele frequency might also be expected, but significant loss of alleles is unlikely because of high levels of gene flow across the range of many commercial species (Levin and Kerster 1974) . In fact, current forestry practices (which are also designed to promote select genotypes) have been shown to have little effect on genetic diversity (for a review, see Krakowski and El-Kassaby [2004] , but see also Hawley and colleagues [2005] ). Furthermore, forestry AM may help to conserve alleles that might otherwise be lost at range margins; populations at the southern or downslope range limit have been identified as being particularly sensitive to climate change (Aitken et al. 2008) .
Another concern is the potential for errors when matching seed sources to planting sites. Such miscues could arise for many reasons, including unexpected rates or patterns of climate change, unanticipated responses by trees to climate change, poor adaptation to site parameters not considered during the matching process (e.g., soil conditions), and unforeseen pathogen activity. The outcome of such errors could range from less than optimal growth at a few plantations to widespread plantation failures, depending on the extent to which maladapted alleles are introduced throughout a species' range.
Many of the concerns outlined here are not unique to forestry AM but apply to existing forestry operations as well. For instance, seed transfer systems have been in place for several decades in many countries to ensure that plantations receive seed or seedlings adapted to the plantation climate. In most jurisdictions, these systems limit the movement of reforestation material (seed or seedlings) to similar ecosystems and climates-usually within 1-3 degrees of latitude or 200-400 m of elevation of the seed's origin. Artificially regenerated forests in North America are also often planted with seed from selective breeding programs that confer a slight growth or disease-resistance advantage over local populations. The fact that forestry AM shares many similarities with existing forestry operations may provide forest managers (and others) with a level of comfort about the approach and its attendant risks. However, it should be kept in mind that "climate change changes everything" (Seddon 2010, p. 796) , so these activities may be occurring in the context of forests that are experiencing unprecedented environmental stress and that may therefore be less resilient to typical forestry operations.
The feasibility of forestry AM Many resources are available to support AM in the forestry context. Key to its success is a thorough understanding of a population's performance in relation to climate and other environmental drivers. For commercial tree species in many regions, such information is available from provenance trials, which consist of plantings of populations from a range of locations (or provenances) at a number of test sites (or common gardens). The performance characteristics (e.g., survival, height, disease resistance) of each population at each test site are measured periodically. Data from provenance Forum unchanged under forestry AM; therefore, the incorporation of AM into forestry operations should add very little to standard plantation establishment costs (Kreyling et al. 2011 ). This statement requires several caveats. First, increased costs could arise if heightened levels of monitoring are required to track plantation growth and the impacts on recipient ecosystems. Extending AM activities to lands currently allowed to regenerate naturally (as was discussed above) would also incur substantial new costs . For some countries, warming temperatures may mean increased seed movements across political borders. For instance, in Canada, there may be an increased reliance on seed sources from the United States; however, the requisite inspections and permits currently involve only a nominal fee.
Forestry AM also offers potential financial benefits. Models of forest growth under climate change have projected losses in rotation-age volume of 10%-40% for a variety of species and locations (Crookston et al. 2010, O'Neill and Nigh 2011) . Such estimates involve many uncertainties (Aubin et al. 2011) ; however, if AM were to mitigate even a portion of these losses, the return on investment could be substantial.
The costs associated with species rescue AM are expected to vary widely, depending on the project. Grassroots initiatives, which rely on volunteer efforts to move easily cultivated species, would be likely to incur minimal costs. Conversely, large-scale species rescue efforts could incur substantial costs relating to employee wages; land purchase; site preparation; monitoring; and the development of infrastructure and expertise concerning seed collection, seed storage, seedling initiation, and plantation establishment. The benefits of successfully conserving a species of conservation concern are difficult to quantify monetarily; however, efforts have been made to assess society's willingness to pay for the preservation of certain species (see Richardson L and Loomis 2009) . Such estimates may help to guide acceptable expenditure amounts for species rescue efforts.
The practice of forestry AM Despite considerable debate on the topic, there have been very few published cases in which species rescue AM was actually implemented. Perhaps the best known is that of the Torreya Guardians, a group of naturalists who are openly and actively translocating seedlings of the endangered tree Torreya taxifolia (www.torreyaguardians.org). This species is currently restricted to a very small area in northern Florida, but efforts are under way to establish it at locations in North Carolina-nearly 700 kilometers to the north of its current range (figure 1). Whitebark pine (Pinus albicaulis), a highelevation pine at risk throughout western North America, may be the first tree species in Canada for which species rescue AM will be employed as a conservation strategy. It is the only nationally listed species at risk in Canada for which climate change is identified as a major stressor and for which AM has been proposed as a possible conservation strategy because of its low natural migration rates and limited (e.g., Quercus spp., Juglans cinerea), and many of these species are at risk either at the national or the jurisdictional level (Beardmore and Simpson 2010) . Within Canada, the Canadian Forest Service's National Tree Seed Centre and the provinces of British Columbia, Alberta, Manitoba, and Quebec collect and store the seed of a selection of tree species specifically for future conservation efforts. The US Department of Agriculture Forest Service sponsors the National Seed Laboratory, which serves a similar function. In Mexico, the new National Center for Genetic Resources, managed by the National Research Institute for Forestry, Agriculture, and Livestock, has initiated operations in long-term germplasm conservation. Internationally, efforts are under way to collect and bank seeds for a wide range of plant species through the Millennium Seed Bank Project of the Royal Botanical Gardens, Kew (www.kew. org/science-conservation/save-seed-prosper/millennium-seedbank) . However, a source of reliable seed remains a major barrier to the feasibility of species rescue AM (Vitt et al. 2010) . Although many of these issues could be overcome, they do present substantial obstacles to any near-term implementation efforts.
The scope of forestry AM Forestry operations present an opportunity to practice AM over large geographic areas. In the United States, nearly 1 million ha of new forest were planted each year in the decade preceding 2004-primarily by private timber entities in the southeast and south-central parts of the country (Smith et al. 2009 ). In Canada, nearly 0.4 million ha were planted in 2009 by various forest management agencies and companies (Natural Resources Canada 2010). The scale of these operations indicates considerable potential for AM initiatives. However, if forestry AM emerged as a preferred approach for climate change adaptation, it may be proposed that planting activities be extended into some portion of lands that are currently allowed to regenerate naturally following cutting or forest fire. This would make nearly 5 million ha of additional land available each year for AM initiatives in the United States and Canada combined (Smith et al. 2009 , Natural Resources Canada 2010 . These extended efforts are entirely speculative at this point and would likely present operational challenges and ethical questions and would require considerable debate before being implemented, but we present the possibility in order to report the full potential scope of forestry AM activities. As was noted previously, plantations differ both structurally and compositionally from natural stands, and an overreliance on artificial regeneration could have a negative effect on various nontimber values. A comparable situation does not exist for species rescue initiatives, for which the projects are likely to be on a much smaller scale.
The costs and benefits of forestry AM Activities such as seed procurement, site preparation, planting, and tending are expected to continue essentially Forum potential forms of AM, we believe that recognizing this diversity will encourage a more nuanced AM debate.
Conclusions
Much of the recent debate around AM has been implicitly focused on the species rescue form, which we suggest has relatively limited spatial scope, low feasibility for near-term science-based implementation, and-arguably-higher levels of risk. Alternatively, forestry AM is a highly feasible adaptation approach that is already being implemented in some jurisdictions and that could help to maintain forest productivity and certain ecosystem services across large areas in the face of rapid climate change.
Given that AM risks appear to increase with movement distance, if decisionmakers want to promote climatically adapted forests over the next 50-100 years while minimizing the risk to existing ecosystem patterns and processes, we believe that forestry AM is one approach that could be used to help meet these objectives. This is not to say that the method is without risk, nor is it immune to the substantial uncertainties inherent in future climate projections; however, if practiced with a focus on within-range movements, it does hold promise as a relatively low-risk approach that could form one part of a forest climate change adaptation strategy.
adaptive capacity (Curtis-McLane and Aitken 2012). British Columbia and Alberta are collecting and storing seed from multiple populations for future restoration activities, and a federal recovery plan is under development.
Forestry AM has already been adopted in a number of jurisdictions. In Canada, the provinces of British Columbia, Alberta, and Quebec have altered seed transfer rules to allow forestry AM to proceed . As was noted above, British Columbia has extended the upward elevation transfer limits of most species by 100-200 m (O'Neill et al. 2008 ). Many of the remaining provincial resource management agencies-although they are not implementing AM per se-are actively engaged in gathering the opinions, information, and tools needed to make AM implementation decisions. This is also true in the United States. For example, for the Northwest, St. Clair and Howe (2009) recommended diversifying Douglas fir plantations with populations from farther south and from lower elevations. They also provided several genetic options for adapting forests to climate change, including using AM within seed zones and across adjacent seed zones.
Other forms of AM Here, we have made a distinction between two conceptions of AM. However, across the spectrum of potential movement distances, intended outcomes, and target organisms, many varieties of AM could be discerned (Aubin et al. 2011 , SteMarie et al. 2011 . For instance, distinctions can (and have) been made between intra-and intercontinental movements (e.g., Mueller and Hellmann 2008) and between single-and multispecies initiatives (e.g., Seddon 2010). Furthermore, an important group of species not considered here are those that are not of current conservation concern but that may undergo rapid, climate-driven declines in the near future; such species may be difficult to identify as candidates for AM and may require unique AM strategies (Kramer and Havens 2009) .
The two forms of AM presented here are also not mutually exclusive. For example, the American chestnut (Castanea dentata) was once a dominant species in the forests of eastern North America before being devastated by an exotic blight fungus; now that resistant genotypes have been developed, it may be a reasonable candidate for conservation-oriented AM efforts that also provide longterm forestry-related benefits. Conversely, species rescue objectives could be incorporated into forestry operationsparticularly given the current focus on biodiversity conservation in forest management planning and the substantial resources already in place for reforestation activities (outlined above). Inevitably, we can expect some complexity to emerge; for example, geographic barriers may create disjunctive distributions involving longer migration distances, even as more conventional modes of AM are employed throughout the range of a species (Winder et al. 2011 ). Although it is beyond our scope in the present article to detail the distinctions and connections among the many
